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ABSTRACT
The plant parasitic nematode Ditylenchus gallaeformans induces galls on stems,
leaves, and inflorescences of Melastomataceae plants in Central and South America, and
the Caribbean. Due to its specificity to Melastomataceae and severity of symptoms, this
nematode has been considered as a possible biological control agent against invasive
species of Miconia. Little is known about D. gallaeformans biology, genetic differences
among populations, and host genotype specificity. I investigated the population structure
and genetic differences among populations from Costa Rica, Dominica and Trinidad
collected from different host species. Phylogenetic reconstructions, haplotype networks,
and analysis of molecular variance showed strong genetic structure among populations
from different widely separated locations but no structure that was explained by host
plant species. The pathogenicity of different populations of D. gallaeformans was
assessed in greenhouse and field studies. I observed that, under the conditions tested, the
nematode did not establish well or cause severe symptoms to the plant host. Difficulties
in rearing the nematode and causing disease mean that D. gallaeformans is unlikely to be
a successful biological control agent against Miconia spp. I also compared the
microbiome of healthy and galled leaves, and found that galled leaves have higher
bacterial diversity than healthy leaves and that their community composition differs
significantly. The genera Burkholderia and Xanthomonas were identified as indicator
species for galled leaves, but their role in infection and symptoms development is
unknown. Although D. gallaeformans is unlikely to be a suitable bio control agent, future
work is needed to further understand the pathways of infection of this nematode.
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Chapter 1
Introduction
Galling organisms are herbivores that induce tissue deformation on their host
plants, called galls, that may provide food, shelter or protection (Shorthouse et al., 2005).
Several organisms have the ability to induce galls on their plant hosts, including insects,
nematodes, fungi, bacteria and virus (Giblin-Davis et al., 2004). Typically, galls are
species-specific structures, and their morphology and metabolism are strongly related to
the gall inducer and to the host plant (Moura et al., 2008; Carneiro et al., 2015).
The galling habit appeared several independent times in metazoan evolution; it
has been observed in more than 52 insect families (Fernandes et al., 2014), 4 mite
families and at least 4 nematode families (Meyer, 1987; Raman, 2010). PPNs use their
stylet to mechanically perforate the plant tissue and to inject secretions, called effectors,
that are known to have a role in the chemical disruption of the plant cell walls. Proteins
present in this secretion trigger cytoplasm changes and influence the genetic expression
of plant cells, activating the differentiation of meristematic cells into nutritive cells or the
redifferentiation of parenchymatic cells into new cell types (Dropkin, 1969; Favery et al.,
2016; Ferreira et al., 2017a).
Most of the gall-inducing nematodes are those that affect roots. The most wellknown are the root-knot nematodes, Meloidogyne spp. (~100 species), and the cyst
nematodes, Heterodera spp. (~60 species). Species in these two genera of nematodes
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have in common a sedentary endoparasitic lifestyle, in which after establishing a feeding
site, the female morphology changes from vermiform to globoid, losing its mobility. The
galls induced by root knot nematodes are the result of hypertrophy and hyperplasia of the
plant host tissue. The feeding site is composed of “giant cells”, polynucleated
hypertrophied cells that result from nuclear divisions without cell division (Jones and
Northcote, 1972; Jones and Goto, 2010; Rodiuc et al., 2014). In contrast, for cyst
nematodes the feeding site is called a syncytium and consists initially of one single cell
that becomes enlarged by fusion of adjacent cells after cell wall degradation. After
reaching its maximum size, the syncytium can have more than 200 fused cells (Sobczak
and Golinowski, 2010, Bohlmann, 2015). Plant parasitic nematodes that induce galls are
not restricted to the plant root system and can have a different lifestyle from those
mentioned above.
Some gall-inducing nematodes specialize on aerial plant parts, i.e. leaves,
inflorescences, and stems. Usually, these nematodes penetrate young plant tissues
inducing the redifferentiation of meristematic cells into a typical nutritive tissue
(Dropkin, 1969). The most important genus of this group of PPNs is Ditylenchus
(Anguinidae), also known as stem nematodes. These are migratory endoparasites
responsible for substantial crop damage and infect a wide range of host plants (e.g., D.
dipsaci) or are more host specific (e.g., D. oncogenus, D. gigas, D. gallaeformans). Plant
responses to these nematodes can vary according to the PPN and the host species and
include leaf deformation, canker, overproduction of leaf structures, as well as galls
(Castillo et al., 2007; Vovlas et al., 2016).
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Ditylenchus gallaeformans (Tylenchida: Anguinidae) induced severe galling on
leaves, stems, and inflorescences of numerous Melastomataceae species in Central and
South America, and the Caribbean (Fig. 1.1; Dietrich, 2006; Santin, 2008; MoralesMontero et al., 2013, Oliveira et al., 2013). Unlike the root-galling nematodes that are
sedentary endoparasites, and other Ditylenchus species that are migratory endoparasites,
D. gallaeformans is a migratory ectoparasite, which means that this nematode does not
penetrate the host plant tissue and is able to migrate to create new feeding sites
throughout its life cycle. It congregates in the crevices and crypts of the galls, feeding on
the surface of the plant protoderm in meristematic sites (Santin, 2008; Ferreira et al.,
2017b). The species is sexually dimorphic, and both males and females can be found in
the galls, where mating occurs. The females lay eggs in the gall chamber, with up to
11,000 eggs being reported in a single gall chamber (Santin, 2008). Ditylenchus
gallaeformans has a short life cycle of 19 days, so many generations can be produced in a
short period of time. Like other nematode species, the juveniles have four developmental
stages (molts) before they achieve the adult form, and all life stages are migratory,
vermiform and infective. The fourth stage juvenile (J4) is the most common primary
inoculum, as at this stage it has the greatest potential for survival in adverse conditions
(Santin, 2008; Oliveira et al., 2013; Ferreira et al., 2017b). Ferreira et al. (2017b) studied
the structure of the galls induced by D. gallaeformans and showed that the nutritive
tissues of these galls have totipotent cells. They therefore have indeterminate growth,
which has not been found in other galls to date (Fig. 1.2; Ferreira et al., 2016 and 2019).
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The host range of D. gallaeformans appears restricted to the Melastomataceae,
which includes the genus Miconia. Miconia is a speciose genus native to the Neotropics,
that also has a few well-known invasive species (Santin, 2008; Oliveira et al., 2013). This
nematode has been considered as a biological control agent against invasive
Melastomataceae for the following reasons: 1) it was found causing substantial damage
on M. crenata in its native range (DeWalt et al., 2004b; Santin, 2008); 2) its host range is
specific to the Melastomataceae family; and 3) simulations suggested that it has potential
for decreasing the M. crenata population growth rate (DeWalt, 2006).

Figure 1.1- Galls induced by Ditylenchus gallaeformans on A- Miconia calvescens, BM. albicans, C- Miconia sp., D- Miconia sp., E- M. crenata, F- Miconia sp. in Trinidad.

4

B

A

Figure 1.2 - A- Schematic drawing of cross-sectioned gall induced by Ditylenchus
gallaeformans (Nematoda) on Miconia albicans (Melastomataceae). The trichomes are
longer and denser when covering galls, and occur also in adaxial surface of epidermis,
which does not occur in non-galled portions of leaves (Ferreira et al., 2017). B- Gall with
overlapped curved emergences (arrow) (Ferreira et al., 2019). Abbreviations: CST,
common storage tissue; GC: gall chamber; NGP or NGL, non-galled portion of leaf; Ph,
phloem; TNT, typical nutritive tissue; Tr: trichomes; Xy, xylem; OP, outer parenchyma;
YE, young emergences. Scale bars: 500µm. The reproduction of these figures was
authorized by the author.
Several nematode species of the family Anguinidae have been studied as
biological control agents to invasive plants. Subanguina picridis was tested as a
biological control agent against the Russian Knapweed (AcroptiIon repens L.) in USA
and Canada. The release of the nematode was authorized in Canada, but there are no
reports about its effectiveness in the field (Krall, 1991; Powers et al., 2001; Watson,
1986). Field et al. (2009) investigated the use of Ditylenchus phyllobius to control
Solanum elaeagnifolium in Australia. The nematode caused severe symptoms to the
plant, but the host range was not specific enough for it to be released safely in the field.
Seixas et al. (2004) studied the potential of D. depranocercus, the causal agent of angular
leaf spot on M. calvescens, as a biocontrol agent to M. calvescens, an invasive

5

Melastomataceae. The nematode seemed to be host specific, but the disease incidence
was reported to be low and the nematode failed to infect plants grown from seed from
Hawaiian plants. To our knowledge, there is not a successful case of biological control of
invasive plants using nematodes in the field thus far.
The Melastomataceae is one of the largest families of the flowering plants,
including about 5,750 species in ca. 177 genera (Michelangeli et al. 2020). These plants
are native to tropical and subtropical areas worldwide. Melastome leaves are opposite,
decussate, and present 3-7 longitudinal veins; the flowers are perfect, bisexual, and rarely
single (Ocampo et al., 2014; Renner, 1993). Michelangeli et al. (2020) recognized two
subfamilies (Olisbeoideae and Melastomatoideae). Within the Melastomatoideae, there
are 18 currently recognized tribes: Astronieae, Bertolonieae, Blakeeae, Cambessedesieae,
Cyphostyleae, Dissochaeteae, Eriocnemeae, Henrietteeae, Kibessieae, Lithobieae,
Marcetieae, Melastomateae, Merianieae, Miconieae, Microlicieae, Rhexieae, Sonerileae,
and Trioleneae.
Thirty-one (31) species of Melastomataceae are naturalized somewhere outside of
their native range (DeWalt et al. unpublished results). These include 1 species in the
subfamily Olisbeoideae and 30 in the subfamily Melastomatoideae, with 6 tribes in the
latter containing naturalized species. The majority are in the tribe Melastomateae (14
species), Miconieae (6), and Sonerileae (6).
Only one genus (Miconia) and about 1800 species are currently recognized within
the tribe Miconieae, which is a neotropical tribe of plants with berry fruits. Two of the

6

most well-known invasive Melastomataceae are within the genus Miconia : M.
calvescens and M. crenata (Judd et al., 2018; Michelangeli et al., 2019). Additional
naturalized Miconia species have limited introduced ranges: M. bicolor is only found on
the island of Hawaii; M. nervosa and M. racemosa are found only in Queensland state of
Australia; and M. leamarginata is only recorded on Mauritius (DeWalt et al. unpublished
data).
Miconia crenata (Vahl) Michelang. was formerly known as Clidemia hirta. It is a
densely branched perennial shrub that can grow up to 3 m in height depending on the
environmental conditions. The species is native to Central and South America and the
Caribbean Islands, where it grows in wet climates and in high light environments like
riversides, roadsides, tree plantations but it is not in old-growth forests (DeWalt et al.,
2004a). It has been introduced and became an aggressive and disruptive invader of open
and forested areas in Hawaii (Wester and Wood, 1977; DeWalt et al., 2004a), in
numerous other oceanic islands in the Indian and Pacific Oceans (Kueffer et al., 2010) as
well as continental locations of Asia, Africa, and Australia (DeWalt et al., 2004a). In
Hawaii, this melastome was first recorded in Oahu in 1941 and by the mid-1970s was
covering about 90,000 acres of the island. By the 1980s, it had spread to the other major
islands, such as Kauai, Maui, Molokai, Lanai, and Hawaii. Smith (1985) ranked M.
crenata as one of the 86 most disruptive alien plant species in Hawaii, mainly because of
its broad ecological tolerances, very rapid spread, capacity for long-distance dispersal,
and tendency to form monospecific subcanopy stands. There are no Melastomataceae
species native to Hawaii, however 19 species were introduced and have become
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naturalized there (DeWalt et al. unpublished data; Meyer and Medeiros 2011). Miconia
crenata may be replacing endemic species that formerly predominated in the islands
(Wester and Wood, 1977).
During the last 60 years, many strategies have been applied to manage M. crenata
in Hawaii. Chemical and mechanical control approaches were not considered feasible due
to the rugged, mountainous terrain in which the weed occurred (Nakahara et al., 1992).
Classical biological control was considered the best option, and a biological control
program against Koster’s curse was established in 1952. One year later, the introduction
of the thrips Liothrips urichi from Fiji into Hawaii was approved and the insect showed
some promise in open pastures and cultivated land, but it was not effective in shaded
areas, like forested environments (Davis and Chong, 1969; Funasaki et al., 1988). Years
after the introduction, it was shown that predation on L. urichi by other alien species such
as Pheidole megacephala could be a reason for the failure of the natural enemy in
forested areas. In addition, the thrips prefer to lay eggs in open areas exposed to sun light
(Reimer and Beardsley Jr, 1989). In 1968 and 1969, the moths Selca brunella and
Bocchoris fatualis were tested as potential biocontrol agents against M. crenata in O'ahu,
but neither of them were able to survive on the plant (Conant, 2009; Nakao and Funasaki,
1979). Another moth, Ategumia matutinalis, was released in 1970 in Oahu to control M.
crenata. Four years after its introduction, light infestations and minor feeding damage
were reported; however the symptoms did not affect plant development and reproduction.
It is believed that parasites reduced the effectiveness of this biological control agent
(Nakahara et al., 1992; Conant et al., 2002).
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The first plant pathogen introduced in Hawaii to control M. crenata was the leaf
spot fungus Colletotrichum gloeosporioides f. sp. clidemiae (Deuteromycotina,
Melanconiaceae), from Panama. The fungus established on most islands infested with M.
crenata, but its effect on the weed has not been quantitatively evaluated, and it is difficult
to assess its long-term impact. It does appear to defoliate and stress the plant, at least
seasonally (Trujillo et al., 1986).
The beetle Lius poseidon was released in 1988 and is now established on Maui,
O'ahu, Kaua'i, and Hawai'i. The effectiveness of neither the leaf feeding adults nor leafmining larvae has been quantified. Damage to young plants appears to be greater than to
mature plants, particularly in combination with thrips damage (Nakahara et al., 1992;
Conant, 2009). The moths Antiblemma acclinalis, Carposina bullata, and Mompha
trithalama were released in 1995. In the 2000s, Mompha trithalama appeared to be
established in O’ahu, but the other two species remain uncommon and it is believed that
they suffered biotic interference (Conant, 2009). DeWalt et al. (2004) performed a
natural-enemy exclusion experiment on M. crenata and concluded that that neither fungal
pathogens nor insect herbivores affected survival or growth of this species in Hawaii.
The overarching goal of this dissertation was to determine if Ditylenchus
gallaeformans would be a feasible biological control agent against Miconia crenata. If it
were, then I wanted to know from where in the native range to collect it, and from which
plant host species it should be isolated. To achieve this goal, I aimed to answer three
main questions: 1) How genetically different are nematodes from different places and
hosts? 2) Are the levels of pathogenicity different among populations? and 3) Are
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particular bacterial communities associated with galls? Each of these questions was
addressed in one of the following 3 chapters.

Dissertation structure
In the second chapter of this dissertation, I answered the question: How
genetically different are nematodes from different places and hosts? To do so, I focused
on investigating the phylogeography of D. gallaeformans – the population structure and
genetic differences among populations from Costa Rica, Dominica and Trinidad collected
from different hosts species. The mtDNA cox1 region of 33 individual nematodes
collected from 33 plants were compared and phylogenetic studies were performed.
The third chapter addressed the question: Are the pathogenicity levels different
among D. gallaeformans populations? Pathogenicity tests were conducted using different
isolates of D. gallaeformans to inoculate M. crenata from different countries. In practice,
I wanted to explore the feasibility of using this nematode species as a biological control
agent against this invasive plant, and to know which population would perform better in
M. crenata from Hawaii so it would be possible to restrict from where in the native host
range the inoculum should be collected.
In the fourth chapter, I aimed to answer the question: Are particular bacterial
communities associated with galls? This question was raised after many failed attempts
of inducing infection on M. crenata with D. gallaeformans. I wanted to investigate the
differences in the bacterial community of healthy and galled M. crenata leaves, and
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determine which bacterial groups are responsible for the differences. To do so, the
microbiome of healthy and galled Melastomataceae leaves were characterized and
compared.
Chapter 5 provides a general conclusion of all the findings of this research and
what I believe to be the future directions for a better understanding of the biology of the
plant-parasitic nematode D. gallaeformans. This nematode species is unique in its life
style and galls formation, and there are many aspects of its biology and interaction with
host plants that are still unclear. I believe that my research has answered some of those
questions and justified why D. gallaeformans is not a feasible biological control agent
against the invasive plant M. crenata.
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Chapter 2
Phylogeography and host associations of a leaf galling nematode,
Ditylenchus gallaeformans

INTRODUCTION
Plant parasitic nematodes (PPNs) are well known as pathogens of cultivated plants,
but they are also important for wild plants and a few have been investigated as biological
control agents of invasive plants (Parker 1986; Watson 1986; Pantone 1987; Seixas et al.
2004; Oliveira et al. 2013) Despite their importance, the genetic diversity and population
genetic structure of PPNs are poorly understood, particularly for non-cultivated plants
(Humphreys-Pereira and Elling 2013). Gene flow is expected to be low in nematodes on
non-cultivated plants because of their limited movement and predicted low dispersal
ability, which should lead to high genetic differentiation among populations. However,
PPNs of cultivated plants generally exhibit low population structure, due to their high
gene flow, likely caused by the dispersion of host plants and infested soils by human
activities (Blok et al. 2008; Pereira et al. 2013; Picard et al. 2004; Plantard and Porte
2004; Sidhu and Webster 1981). The amount of genetic diversity and population structure
of nematodes under consideration as biological control agents is important to predict their
success.
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Ditylenchus gallaeformans is a migratory ectoparasitic PPN that does not produce a
specialized feeding site and does not penetrate the host plant tissue, but that can
nonetheless induce severe gall symptoms on leaves, inflorescences, and stems of
melastomes. During its life cycle, which lasts approximately 19 days, the nematodes
remain in the gall crevices feeding on nurturing cells and reproducing amphimictically.
All life stages are migratory, vermiform, and infective (Ferreira et al. 2017; Oliveira et al.
2013). Ferreira et al. (2017) investigated the structure of galls induced by D.
gallaeformans on Miconia spp. and concluded that the nutritive tissues of these galls have
totipotent cells with indeterminate growth.
Migratory ectoparasites are reported as having a wider host range than sedentary
nematodes. Sedentary endoparasites develop complex interactions with their host plant
that involve inducing a susceptible response without inducing resistance, which narrows
their host range (Bird et al. 2015; Blok et al. 2008). The mode of reproduction also
influences host specificity, with amphimictic species being more likely to be host specific
(Sabeh et al. 2019). The cultivation of a single host in a particular location over a long
period of time can lead to local adaptation and subsequently to the evolution of new races
or species (Sidhu and Webster 1981). Amphimictic species, like D. gallaeformans, are
expected to display higher genetic diversity than parthenogenetic species with more
limited gene flow (Castagnone-Sereno 2002; Castagnone-Sereno 2006). The
recombination of the male and female genetic material is the primary source of genetic
variation of each generation.
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The host range of D. gallaeformans is limited to species in the Melastomataceae, and
galls have been shown to be more severe in the genus Miconia (Santin 2008). Field
observations report D. gallaeformans negatively affecting Miconia plants in their native
range of Central and South America (DeWalt et al. 2004; Dietrich 2006; Santin 2008;
Morales-Monteiro et al. 2013; Oliveira et al. 2013). These facts have increased the
interest in D. gallaeformans as a possible biological control agent. In particular, Miconia
crenata (Vahl) Michelang. (formerly known as Clidemia hirta (L.) DC.) is one of the
target species for control by D. gallaeformans because it is an aggressive and disruptive
invader of several locations around the world, including the Hawaiian Islands (DeWalt et
al. 2004; Kueffer et al. 2010; Wester and Wood 1977).
Plant parasites are often locally adapted to plant genotypes in their native range. This
is why potential biological control agents may perform better on plants from their local
population, and in extreme cases may be entirely ineffective on non-local genotypes
(Hufbauer and Roderick 2005). Considering the biological characteristics of D.
gallaeformans, we hypothesized that we would observe local adaptation to Miconia spp.
genotypes. The occurrence of pathotypes, or intraspecific variation in virulence and
pathogenicity, is well documented in a related species, D. dipsaci (Plowright et al. 2002;
Poirier et al. 2019). When considering D. gallaeformans as a potential biological control
against Miconia spp., it is crucial to understand the implications of the host plant and
location for isolation and mass rearing.
The objective of this study was to examine the genetic differences among
populations of D. gallaeformans from different locations and hosts, and the phylogenetic
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relationship among them. We conjectured that if low genetic variability was observed
among locations or host species, the nematode could be isolated from any location and
host. If high genetic differences were found, more care would need to be taken and tests
would need to be conducted to determine virulence and pathogenicity of the different
isolates.
MATERIALS AND METHODS
NEMATODE SAMPLING AND EXTRACTION
Ditylenchus gallaeformans samples were obtained from several locations in Costa
Rica, Dominica, and Trinidad (Table 2.1) between 2016 to 2018. Miconia plants with
galls were collected and shipped to the nematology lab at Clemson University (USA) for
processing. Galled tissue was separated from leaves, cut into small pieces, and placed in a
250 ml beaker filled with tap water. After 24h and 48h, the resulting suspension was
poured through an 840 μm pore sieve to remove leaf debris and through a 37 μm pore
sieve to extract the nematodes from the suspension.
DNA EXTRACTION AND NEMATODE IDENTIFICATION
DNA was extracted from individual nematodes using the Sigma Extract-N-Amp
kit (XNAT2) (Sigma, St. Louis, MO) as reported by Ma et al. (2011) and stored at -20°C
until use. One individual nematode was selected from each individual plant collected, and
its DNA fragment represented a sample. To confirm the nematode identification, the
Internal Transcribed Spacer (ITS) DNA region was amplified with the primers forward
TW81 (5_GTTTCCGTAGGTGAACCTGC_3) and reverse AB28 (5_
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ATATGCTTAAGT TCAGCGGGT_3) (Subbotin et al. 2001) and compared with D.
gallaeformans sequences from Brazil available in Genbank (JQ429779.1, KM274867.1).
PCR AND DNA SEQUENCING
The mtDNA Cytochrome c oxidase 1 (cox1) region was selected for the
phylogenetic and genetic diversity studies because it has been used successfully on
intraspecific genetic variability of nematodes (Derycke et al. 2010b). The region was
amplified using the set of primers COIF1 (5_CCTACTATGATTGGTGGT
TTTGGTAATTG_3) and COIR2 (GTAGCAGCAGTAAAATAAGCACG) (Kanzaki
and Futai, 2002) for a final amplicon size of 800bp. PCR was performed in 20 μl final
volume reaction, adding 8 μl PCR-grade water, 10 μl of ReadyMix Taq PCR Mix with
MgCl2 (Sigma) (20 mmol/L Tris–HCl pH 8.3, 100 mmol/L KCl, 3 mmol/L MgCl2,
0.002% gelatin, 0.4 mmol/L dNTP mixture (dATP, dCTP, dGTP, and dTTP), and 0.06
units of Taq DNA polymerase/mL), 0.5 μl of each primer (20 μmol/L), and 1 μl of DNA
template. Thermal cycling conditions included initial denaturation at 94°C for 2 min,
followed by 35 cycles of 94°C for 45 sec, 55°C for 1.5 min, 72°C for 2 min, and final
extension at 72°C for 10 min. The amplified products were loaded onto a 1.5% agarose
gel and visualized using GelRedTM (Biotium, San Francisco, California, United States).
PCR products were sent for sequencing of the two strands to the DNA Laboratory
(School of Life Sciences) at Arizona State University.
Both strands of each sample were sequenced and edited in Geneious
(http://www.geneious.com) (Kearse et al. 2012). The 33 sequences selected were edited
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manually, and chromatograms were inspected to confirm base calling. The alignment of
the mtDNA consensus sequences was conducted in MUSCLE (Edgar 2004) as
implemented in MEGA 7.0 (Kumar et al. 2016). The following outgroups were aligned
with D. gallaeformans sequences: Afrina sp. (MG321204.1), Anguina agrostis
(MG321205.1), Anisakis sp.(KF214807.1), Aphelenchoides besseyi (MK303401.1),
Aphelenchoides sp. (MH853827.1), Bursaphelenchus doui (FJ520228.1), B.
paraluxuriosae (JF966207.1), B. xylophilus (AY508071.1), Ditylenchus dipsaci
(HQ219212.1), D. gigas (HQ219214.1 and HQ219213.1), D. laurae (KX421382.1 and
KX421381.1), D. oncogenus (KF612018.1), and Ektaphelenchus sp. (JX979197.1) from
GenBank. The alignment of cox1 did not contain gaps, and the sequences were verified
for ORF interruption with the translation tool Expasy (Gasteiger et al. 2003). Because the
species selected as outgroups showed high differences with the samples studied, manual
adjustments were made to the alignment to increase the gap penalty. The aligned
sequences were then pruned to 629 bp. The sequences obtained in the present study were
deposited in GenBank (Table 2.1).
PHYLOGENETIC ANALYSIS
The aligned cox1 sequences were analyzed with the software JmodelTest 2.1.10
(Darriba et al. 2012), which compares different models of DNA substitution in a
hierarchical hypothesis–testing framework to select a base substitution model that best
fits each dataset. The optimal model identified by JmodelTest (selected with the corrected
Akaike Information Criterion, (Akaike 1974) was TPM1uf+G (-lnL = 5639.3574). The
calculated parameters were as follows: assumed nucleotide frequencies A = 0.2078, C =
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0.1455, G = 0.2110, T = 0.4354; substitution rate matrix with A–C substitution = 1.0000,
A-G = 8.1140, A-T = 3.2268, C-G = 3.2268, C-T = 8.1140, G-T = 1.0000, and we
assumed rates for variable sites follow a gamma distribution (G) with shape parameter =
0.3580. After that, a maximum likelihood (ML) analysis was performed using the
webserver W-IQ-TREE (http://iqtree.cibiv.univie.ac.at/) (Trifinopoulos et al. 2016). The
analysis was conducted with the TIM1+G evolutionary model that was included within
the 95% confidence interval calculated by JModelTest2. All the parameters used for the
ML analysis were those of the default options. From this dataset, a pairwise distance
matrix was generated in MEGA 7.0 (Kumar et al. 2016) to calculate intra- and
interpopulation genetic divergence as well as the p-distance between the clades. For the
Bayesian inference (BI) analysis, we used the software MrBayes (Huelsenbeck and
Ronquist 2001) and performed the analysis for 6,000,000 generations. Every 100th tree
was sampled from the MCMC analysis obtaining a total of 60,000 trees, and a consensus
tree with the 50% majority rule was calculated for the last 59,900 sampled trees. The
robustness of the ML tree topologies was assessed by bootstrap reiterations of the
observed data 1,000 times and reconstructing trees using each resampled data set.
Support for nodes in the BI tree topology was obtained by posterior probability.
GENETIC DIVERSITY
A mitochondrial haplotype network was constructed using median-joining (MJ)
networks in PopArt (Available at: http://www.popart.otago.ac.nz) (Leigh and Bryant
2015). We examined relationships within populations from the same country and among
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populations from different countries and tested for genetic differences in haplotypes
within and among locations and host species using analysis of molecular variance
(AMOVA), implemented in ARLEQUIN v. 3.5.1.3 (Excoffier et al. 2007). Values of FST
were also calculated in ARLEQUIN to estimate genetic differentiation among clades and
tested for significance by permuting haplotypes between populations (10,000 replicates).

RESULTS
NEMATODE IDENTIFICATION AND PHYLOGENETIC ANALYSIS
DNA sequences from the ITS region of individuals collected had a homology of
93 to 99% to the ITS region in samples from Brazil in GenBank, confirming that
nematodes in the study were the species described by Oliveira et al. (2013).
Ditylenchus gallaeformans samples clustered into one well-supported
monophyletic clade. Phylogenetic reconstruction using the mtDNA sequences with ML
and BI yielded trees with highly similar topologies. However, our D. gallaeformans
samples did not cluster with other Ditylenchus species retrieved from GenBank,
confirming that the genus Ditylenchus is paraphyletic. The well-supported clade
consisting of nematodes in the Anguinidae family, including other Ditylenchus species, is
sister to the D. gallaeformans clade. One other well supported clade in the phylogenetic
tree included Anisakis sp., Ektaphelenchus sp. and nematodes in Aphelenchidae,
Bursaphelenchus spp. and Aphelenchoides spp. (Fig 2.1).
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Within D. gallaeformans, we identified three well-supported clades: Clade A
Clade B and Clade C (Fig. 2.1). Clade A comprised individuals from Costa Rica and
Dominica. Within Clade A, samples from Costa Rica (CR) clustered into a monophyletic
subclade, sister to a second subclade that contained the Dominica samples (DOM). Clade
B is a sister of Clade A and included individuals from Trinidad (TR). Clade B was
composed of three subclades that were not segregated by locality within Trinidad (Fig.
2.1). An additional six individuals from Trinidad were genetically identical and
comprised Clade C. Clade A presented less genetic variability (p-distance = 0.0025) than
Clade B (p-distance = 0.0124).
The intraspecific genetic diversity of D. gallaeformans was similar to other
species of Ditylenchus. In D. gallaeformans, the genetic distance (p-distance) observed
within each population was 0.003, 0.002 and 0.013 for Costa Rica, Dominica and
Trinidad, respectively. The average p-distance was 0.002 within Clade A and 0.012
within Clade B. The p-distance between the two clades was 0.044. Similar intraspecific
distance range is observed in D. laurae (0.002) and D. gigas (0.017), two species used as
outgroups in the phylogeny. The p-distance between various Ditylenchus spp. used as
outgroups in the phylogenetic study ranged from 0.182 (D. gigas vs. D. laurae) to 0.224
(D. oncogenus vs. D. dipsaci). The genetic distance between Ditylenchus gallaeformans
and the Ditylenchus spp. from GenBank ranged from 0.3271 (D. gallaeformans vs. D.
oncogenus) to 0.3516 (D. gallaeformans vs. D. dipsaci).
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GENETIC DIVERSITY
Haplotype networks for the cox1 region of D. gallaeformans were segregated in
haplogroups according to geographical location of the samples. A total of 12 haplotypes
were identified in the analysis and divided into three well-defined haplogroups
corresponding to the countries from where the nematodes were collected (Fig. 2.1). For
the Trinidad haplogroup, six haplotypes were identified; the Costa Rica haplogroup
comprised four haplotypes; and the Dominican haplogroup comprised two haplotypes
(Fig. 2.1). The AMOVA analysis showed that 75.5% of the variation was among
populations (countries), while the within population variation was responsible for 24%
(FST: 0.7545, p-value: <0.0001). The pairwise FST observed between populations was
0.86 for Costa Rica vs. Dominica, 0.75 for Costa Rica vs. Trinidad, and 0.71 for
Dominica vs. Trinidad.
Plant host species and location within each country did not influence haplotype
diversity. Ditylenchus gallaeformans collected from different hosts in Trinidad shared
the same haplotype (Fig. 2.2). Although there was some association between haplotypes
and location within Trinidad, we found that different locations shared the same haplotype
(Fig. 2.2).

DISCUSSION
We investigated the phylogeographic and population genetic structure of D.
gallaeformans and found strong genetic structure among populations from different
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widely separated locations (i.e. the two Caribbean islands and one mainland site) but no
structure that was explained by host plant species. Although we were unable to examine
nematodes from the entire geographic range of D. gallaeformans, geographical location
appears to affect pathogenicity and virulence of nematodes, but host plant species does
not. Our results do not support the existence of host specialization in this nematode
species.
Although D. gallaeformans formed a monophyletic group, Ditylenchus is a
paraphyletic taxon. Phylogenetics studies on this genus exploring the rDNA internal
transcribed spacer (ITS) fragments have divided it into two groups: D. triformis-group
and D. dipsaci-group and concluded that the genus is paraphyletic (Oliveira et al. 2013;
Qiao et al. 2016; Subbotin et al. 2005). Using the mtDNA cox 1, we found that our
samples did not cluster with other Ditylenchus species. Oliveira et al. (2013) studied the
phylogenetic relationships of D. gallaeformans with other Anguinidae species using
partial 18S rRNA gene and found that this species is neither closely related to the D.
dipsaci-group (obligate plant parasites) nor to the D. triformis-group (mycophagous) but
has a close relationship with D. depranocercus. Interestingly, D. depranocercus is also a
plant parasite of Miconia species (Seixas et al. 2004). Ditylenchus depranocercus and
other Ditylenchus species were not included in our study because their cox1 sequences
were not available. Due to the non-monophyletic nature of this taxa, the Ditylenchus
genus should be carefully revised using additional markers, species and populations.
Nonetheless we are confident, given the level of intraspecific variation, that our samples
of D. gallaeformans form a monophyletic taxon and represent a single species.
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Haplotype networks constructed using cox1 mtDNA showed that the D.
gallaeformans populations presented a strong genetic structure according to geographical
location. The structure observed among the populations from different geographical
locations was expected considering that there is sexual recombination in every
generation. The low gene flow that occurs among distant populations due to their limited
dispersal range also plays an important role in the genetic variability over time. The lack
of economic interest in melastomes and the nematode’s limited ability to move long
distances explain the low gene flow among D. gallaeformans populations. The few
studies about intraspecific variability in Ditylenchus species cover restricted geographic
regions and did not show strong population structure (Wan et al. 2008; Zhang and Zhang
2008; Wenkun et al. 2012; Qiao et al. 2013; Poirier et al. 2019). Also, these studies were
on Ditylenchus species that affect important cultivated plants so the possible gene flow
among populations within these regions likely occurred due to passive transport among
fields by human activities. A broad scale sampling can result in more accurate results. For
example, Kim et al. (2019) studied the genetic variability of the sugar beet cyst nematode
Heterodera schachtii from four continents using microsatellite markers and found strong
genetic structure among populations. Their results are different from those obtained by
Plantard and Porte (2004), who found weak population structure in H. schachtii
populations from France also using microsatellites markers.
We used the mtDNA cox1 to investigate the genetic variability among D.
gallaeformans because it has been shown to provide higher resolution within species
compared to nuclear genes (Blouin et al. 1998; Derycke et al. 2010a). Using the mtDNA
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cox1 region, Holguin et al. (2015) found strong genetic structure correlated with
geographical location among Hoplolaimus populations from United States. Qing et al.
(2019) found high diversity among populations of Pratylenchus capsici from Israel using
cox1 sequences, which was surprising considering the limited geographical region
sampled. Powers et al. (2016) investigated the genetic structure of Lobocriconema in
North America, also using the mtDNA cox1 region, and found significant genetic
distances among haplotypes. Genetic variability among populations was also reported in
the amphimictic species Globodera pallida (Picard et al. 2004) and Rotylenchulus
reniformis (Leach et al. 2012), but in both cases there was no correlation between the
genetic distance and geographic distance among populations.
Contrary to what we hypothesized, no host specialization was found in D.
gallaeformans. Pathotypes, also referred to as races, are common in plant parasitic
nematodes and follow host preference. Ditylenchus dipsaci, for example, has a wide host
range of more than 500 plants species, including weeds and cultivated plants, and it
shows host preferences with varying levels of virulence that result in the characterization
of over 30 races (Sturhan 1991). We knew that the host range of D. gallaeformans was
restricted to the Melastomataceae plant family and that the symptoms were more severe
in Miconia spp. (Santin 2008), but there was no information about genetic differences
among nematodes from different host species. Here we compared D. gallaeformans
collected from different Miconia species and did not find a correlation between host and
haplotypes. Similarly, Huang et al. (2010) investigated the genetic variability of 16 D.
destructor populations in China, one of the populations was isolated from garlic and the
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rest were isolated from sweet potato. The garlic population clustered together with the
sweet potato according to geographical location. Subbotin et al. (2005) used the ITS
region of rDNA to investigate 23 populations of D. dipsaci from various hosts and found
that all populations isolated from cultivated plants (red clover, onion, alfalfa, oat, beet,
corn, strawberry and others) were genetically similar and clustered together in one clade.
Previous studies attempted to separate D. dipsaci races using different approaches like
isoenzyme and protein electrophoresis, antibodies, RFLP, RAPD and AFLP but they
were not successful (Subbotin et al. 2003). In the case of D. gallaeformans all the host
species tested here belong to the same genus and are morphologically similar. It is
possible that the hosts were not different enough to change the genetic mechanisms of
nematode virulence. The use of additional markers and collections from different plant
genera could present a different picture of the host specificity of D. gallaeformans and
have implications on its usefulness as a biological control agent.
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Table 2.1- Sample ID, location, host and GenBank accession number of the 33
Ditylenchus gallaeformans individual sequences used in this study.
Sample ID
CR22
CR23
CR24
CR26
CR27
CR28
CR29.2
CR32.3
CR33
CR34.1
CR38.1
CR39
CR40.3
DOM19
DOM2
TR37B.3
TR38B.2
TR39A.1
TR39C.1
TR39D.1
TR39E.1
TR39F.1
TR39G.2
TR39H.1
TR39I.1
TR40A.1
TR41.3
TR43A.3
TR43B.2
TR43C.2
TR43D.3
TR43E.2
TR44A.2

Location
Alto Vereh
Alto Vereh
El Tigre
Laguna Hule
Laguna Hule
Laguna Hule
Laguna Hule
Rio Blanco
Rio Blanco
Rio Blanco
Zona Protector Rio Tuiz
Zona Protector Rio Tuiz
Zona Protector Rio Tuiz
Syndicate
Syndicate
Blanch Road
Blanch Road
Morne Bleau
Morne Bleau
Morne Bleau
Morne Bleau
Morne Bleau
Morne Bleau
Morne Bleau
Morne Bleau
Blanch Road
Blanch Road
Arena Forest 1
Arena Forest 1
Arena Forest 2
Arena Forest 2
Arena Forest 2
Arena Forest 2

Host
M. crenata
Miconia sp.
M. calvescens
M. crenata
Miconia sp.
Miconia sp.
Miconia sp.
M. dependens
M. dentata
M. crenata
M. dependens
M. dentata
M. crenata
M. sciaphila
M. sciaphila
Miconia sp1
Miconia sp2
Miconia sp3
Miconia sp1
Miconia sp4
Miconia sp5
Miconia sp6
Miconia sp7
Miconia sp8
Miconia sp9
M. acinodendron
Miconia sp2
M. albicans
M. rubra
Miconia sp10
M. macropetala
M. crenata
M. crenata
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ITS
MN626646
MT622796
MT622797
MN626645
MT622798
MT622799
MT622800
MT622801
MT622802
MN626644
MT622803
MN626651
MT622804
MN626659
MT622805
MT622806
MT622807
MT622808
MT622809
MT622810
MT622811
MT622812
MT622813
MT622814
MT622815
MT622816
MT622817
MT622818
MT622819
MT622820
MN626654

COI

MT304872
MT304870
MT304873
MT304883
MT304874
MT304871
MT304880
MT304882
MT304884
MT304886
MT304888
MT304875
MT304878
MT304894
MT304889
MT304898
MT304926
MT304928
MT304899
MT304901
MT304903
MT304905
MT304908
MT304929
MT304912
MT304922
MT304924
MT304915
MT304916
MT304917
MT304919
MT304920
MT304921

A

Figure 2.1- Molecular phylogeny of Ditylenchus gallaeformans from Costa Rica
(CR), Dominica (DOM) and Trinidad (TR) based on the Cytochrome c oxidase
subunit I (cox1) region, obtained with Maximum Likelihood; and the cox1
haplotype network using the same samples.
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Figure 2.2 - Cytochrome c oxidase subunit I (cox1) haplotype networks of Ditylenchus
gallaeformans samples collected in Trinidad by location and host species.
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Chapter 3
Pathogenicity of geographic isolates of Ditylenchus gallaeformans on the
invasive shrub Miconia crenata (Melastomataceae: Miconieae)

INTRODUCTION
Miconia crenata (Vahl) Michelang. (formerly known as Clidemia hirta (L.) DC.),
is a densely branched perennial shrub in the Miconieae tribe of the Melastomataceae and
is native to Central and South America, Mexico, and the Caribbean. It has a broad
introduced range including islands in the Pacific (Hawaii, American Samoa, Fiji,
Solomon Islands, Pohnpei) and Indian Oceans (Mauritius, Madagascar, Reunion,
Seychelles, Sri Lanka, Borneo, Java, Sumatra), and continental areas of Asia, Africa, and
Australia (Wester and Wood, 1977; DeWalt unpubl. data). Its introduction history is
unclear, but it likely was introduced accidentally as a seed contaminant of coffee or
ornamental plants (Simmonds, 1937; Wester and Wood, 1977; Evenhuis, 2014). It was
first recorded in Hawaii on the island of Oahu in 1941, and by the mid-1970s it was
covering about 90,000 acres of the island. By the 1980s, it had spread to other major
islands, such as Kauai, Maui, Molokai, Lanai, and Hawaii where it has invaded roadside
habitats as well as Hawaiian forests (Smith, 1992). This species is considered to be
among the most serious threats to Hawaiian rain forests (Loope et al., 2004) and is listed
in the top 100 of the world’s worst invasive alien species (Holm et al., 1977; Lowe et al.,
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2000). Smith (1992) ranked M. crenata as one of the most disruptive alien plant species
in Hawaii, mainly because of its high ecological tolerance, rapid spread, and capacity for
long-distance dispersal. Mechanical removal and chemical control of the plants succeed
in small areas for a limited amount of time, but an effective and definitive solution was
expected with the implementation of classic biological control (Medeiros et al., 1997).
Several biological control agents have been released in the archipelago in the last
60 years against various Melastomataceae (Conant, 2009). Insects like thrips, moths, and
beetles, as well as the fungal pathogen Colletotrichum gloeosporioides f. sp. clidemiae,
were introduced into Hawaii against M. crenata. None have been widely effective at
controlling the species in forest understory (Conant, 2009; DeWalt et al., 2004), but the
Liothrips urichi has had some success in high light environments (Reimer and Beardsley,
1989). Therefore, Miconia crenata continues to be a problem of Hawaiian forests and
other biological control agents have been explored. One promising agent is the nematode
Ditylenchus gallaeformans, in the family Anguinidae, which causes substantial galling on
stem, leaves and inflorescences of Melastomataceae plants throughout Central and South
America and Caribbean Islands (DeWalt et al., 2004, Oliveira et al., 2013; MoralesMontero et al., 2013; da Silva et al., 2016; S. DeWalt, Clemson University, pers. comm.).
This galling was noted in an ecological study of M. crenata conducted in Costa Rica, but
was attributed incorrectly to cecidomyiidae fly larvae (DeWalt et al., 2004).
In a classical biological control approach, the biocontrol agent candidate is more
likely to be effective if the following desirable characteristics are present: host specificity
(at species level, not genotype), high adaptability to the new environment, high
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reproductivity rate and short life cycle, high dissemination range, ease of rearing and
manipulation in the laboratory, ease of extraction from the source and application in the
new location, high damage potential to control the spread of the invasive species over
time, safety for the new environment (DeBach and Rosen, 1991; Stiling and Cornelissen,
2005; Muniappan et al., 2009).
The purpose of our work was to explore the feasibility of rearing D.
gallaeformans to be used as a biological control agent against invasive Melastomataceae
in Hawaii. The nematode species is highly specific to this plant family, and there are no
native Melastomataceae on most of the Pacific Ocean islands where M. crenata is a
problem, including in Hawaii and Guam. Although there are native Melastomataceae on
Indian Ocean islands, Asia, Africa, and Australia, none of them are within the Miconieae
tribe and therefore might not be affected. Finally, initial studies indicated that inoculation
and infection were possible on some Miconia species in greenhouse conditions (Santin,
2008). Here, we evaluated various combinations of nematode and host genotype to assess
the pathogenicity and virulence of D. gallaeformans isolates from diverse geographic
locations and hosts on the genotype of M. crenata from Hawaii (invasive genotype).
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MATERIALS AND METHODS

MICONIA CRENATA PLANTS
Miconia crenata seeds representing native genotypes were obtained from Brazil,
Costa Rica, Dominica, Guyana, Puerto Rico and Trinidad. Seeds representing the invaded
range were obtained from Palau, Pohnpei, La Reunion, Singapore and Hawaii. These
represent two genotypes determined at six microsatellite loci (DeWalt, unpubl. data). The
“Hawaii genotype” is widespread in the introduced range and includes the seeds from
Palau, La Reunion, and Hawaii. This genotype has not been found in the native range, but
is most similar to two individuals collected in Caiobá, state of Paraná, Brazil. The
"Singapore genotype" has only been found in the introduced range in Singapore, Sabah,
and Sumatra. It was found in several locations of the native range: northern Venezuela
and the island of Dominica (DeWalt, unpubl. data).
Seeds were germinated in sterile soil substrate in trays and kept under a mist system
in a greenhouse at Clemson University, Clemson SC. Germination occurred after
approximately 15 days, and the seedlings were transplanted to 4-inch plastic pots 15 days
later. Plants were kept under a mist system during all their development. Fertilizer was
applied when needed.
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NEMATODE COLLECTION AND IDENTIFICATION
Galled leaves and inflorescences from a variety of Melastomataceae species (Table
3.1) were collected from Costa Rica and Trinidad. The symptomatic portion of the plant
was stored in plastic bags containing wet paper towels to maintain high moisture levels.
Plant material was shipped overnight the same or the next day after collection to Clemson
SC, USA.
In the nematology lab in Clemson University, galls were placed in a 250-ml beaker
filled with tap water and left to soak overnight. The suspension was poured through an
840 μm pore sieve to remove leaf debris and through a 37 μm pore sieve to recover the
nematodes. The remaining plant material was placed back into the beaker and left to soak
in water for a second time. After 24 h, the procedure was repeated, but this time the galls
were crushed before the suspension was passed through the sieves. We confirmed the
nematode identification by comparing ITS sequences of collected nematodes and those
from Brazil and Venezuela available in GenBank (Oliveira et al., unpubl. data).

INOCULATION METHODS
Three different inoculation methods were tested in a greenhouse at Clemson
University from August through December 2016, using plants and nematodes from Costa
Rica: 1) cotton ball, 2) attached gall and 3) soil substrate inoculation. Nematodes were
inoculated on 12-month-old M. crenata plants exposed to sun and shade conditions.
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For the cotton ball method, adapted from Santin (2008), 10 plants were sprayed with
tap water and a cotton ball was placed on the top of the leaf primordia. The inoculum
suspension, consisting of 3000 nematodes in 2 mL of water, was pipetted onto the cotton
ball. A small plastic bag previously misted with water was placed over the cotton ball and
leaves to hold the cotton ball in contact with the leaves and maintain a humid
environment (Fig. 3.1 A-H). The plants were kept in a growth room with artificial lights
on a 12h x 12h schedule, and the bag was removed after 48 h. Five of the plants were
then placed in a Clemson University greenhouse under full sun, and the other five plants
were kept in the growth room with no artificial light.
The attached gall experiment was included to test an inoculation method with less
manipulation and potentially mimicking natural infection conditions. Galls containing
active nematodes were attached to 10 healthy plants, close to the leaf primordia. There
was no estimation of the number of nematodes present in each gall, and one gall was
attached per plant. Five plants were placed in the greenhouse under full sun and five in
the growth room.
The soil substrate inoculation method involved dispensing the inoculum suspension
containing 5000 nematodes onto the soil in a pot, at the base of the plant stem. As in the
previous experiments, five plants were kept in greenhouse under full sun, and five were
kept in the growth room. For all inoculation methods, plants were checked daily for
symptoms for 60 d.
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In addition to the experiments described above, we tested the effect of plant age/size
on infection success by inoculating 2, 6 and 12-mo-old M. crenata with 4000 D.
gallaeformans. Average plant height was 7 (± 0.7), 24 (± 3.5), and 35 (± 2.1) cm,
respectively. Different inoculum levels were also tested, where 4000, 7000 and 10,000
nematodes were inoculated on three sites of the same plant. The detailed methods and
results of these two experiments are not reported because there were no differences
among plant age/size or inoculum level.

GREENHOUSE EXPERIMENTS
We evaluated differences in the pathogenicity of D. gallaeformans from different
native-range locations on M. crenata from different native and introduced range
locations. The experiments were carried out between July 2016 and June 2017. During all
the tests described below, the cotton ball inoculation method was used, the plants were
placed in a greenhouse 48h after the inoculation and kept under a mist system regimen
(activated for 20 s every 10 m) to keep the relative humidity close to 100% until the end
of the experiments. When symptoms occurred, every symptomatic spot was identified,
and gall development was monitored weekly.
Ditylenchus gallaeformans from Costa Rica: Three thousand nematodes were
inoculated on 12-mo-old (± 55 cm) M. crenata plants from Costa Rica and Hawaii.
Twelve plants from Costa Rica were inoculated in total, four of them with D.
gallaeformans isolated from M. dentata, four with nematodes from M. crenata, two
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plants with nematodes from Miconia dependens (formerly Clidemia capitellata) and two
with nematodes isolated from M. lacera. A total of eight Hawaiian plants were
inoculated with the nematode suspension: four of them with nematodes isolated from M.
crenata, two of them with nematodes isolated from M. lacera, one plant with nematodes
from M. dependens and one with nematodes from M. dentata. Five control plants were
inoculated with water.
Ditylenchus gallaeformans from Trinidad: We inoculated seven 3-mo-old M. crenata
plants from Trinidad and Hawaii with 4000 nematodes each. The nematodes were
isolated and combined from M. crenata, M. dentata, M. macropetala, and four
unidentified Miconia species in Trinidad. Five control plants were inoculated with water.
Ditylenchus gallaeformans from Trinidad inoculated on plants from several locations:
In a different test, 4000 nematodes from Trinidad were inoculated on 3-mo-old M.
crenata plants from Costa Rica, Dominica, Puerto Rico, and Trinidad (native range) as
well as on plants from Hawaii and Singapore (introduced range). The inoculum was
recovered from 2 different hosts: M. acinodendron and Miconia sp1. Eight replicates
were used for each plant location, 4 inoculated with M. acinodendron nematodes, and 4
with Miconia sp1 nematodes. Five control plants were inoculated with water.
We also carried out greenhouse experiments in Trinidad, performed in April 2018.
Miconia sp. plants were collected in the Arena Forest and placed in pots filled with soil
from the same location. Twenty plants were selected, 10 M. crenata and 10 Miconia sp.
(unidentified but all of the same species). The pots were kept in a greenhouse at the
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University of the West Indies in Trinidad. The plants were inoculated two days after their
collection in the field with 5000 D. gallaeformans extracted from symptomatic Miconia
spp. also from the Arena Forest. The plants were kept in the greenhouse for 60 days,
exposed to sunlight and watered as needed.

FIELD EXPERIMENT
For the field inoculations, two locations were selected in the Arena Forest area where
the presence of galls on Melastomataceae plants was observed previously. We inoculated
10 adult Miconia spp. per location with 7000 D. gallaeformans each that had been
collected in the same area using the cotton ball method. The inoculated plants were all
adults, and the plants were at least 10 m apart from each other in both locations. The
plants were tagged with red plastic strips and identified with numbers, so it was possible
to follow the symptoms development (Fig. 3.2 A, B). The inoculated plants were
inspected every 15 d for 90 d to check for symptoms.

RESULTS
INOCULATION METHODS
Among the three nematode inoculation methods tested, the best result was observed
on plants inoculated with the cotton ball method and kept under sunlight (Table 3.2). Five
of the five plants inoculated with this method and left under sunlight developed small
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galls, whereas only two of the five plants placed in the dark developed galls. No
symptoms were observed on plants inoculated using the attached gall or soil substrate
methods. Subsequent experiments were conducted using the cotton ball inoculation
method, and the plants were kept in a greenhouse, exposed to ambient light.

GREENHOUSE EXPERIMENTS
Twelve-mo-old Miconia crenata plants from Costa Rica inoculated with 3000 D.
gallaeformans from Costa Rica never showed symptoms. In contrast, all the plants from
Hawaii inoculated with the same number of nematodes from Costa Rica developed small
galls (Table 3.3, Fig. 3.3). The first evidence of symptoms was observed 80 days after
inoculation, and individual galls were identified and their development was registered
weekly over the next 2 mo.
The maximum number of galls observed in one plant was 28. The galls started as a
trichome aglomerate on the leaf surface that turned dark brown after 4 wk. After 60 days,
no growth or further development was observed in the galls. No nematodes were
recovered from the galls or any part of the plant.
In the first test inoculating D. gallaeformans from Trinidad, isolated from 7
different hosts, on 3-mo-old M. crenata plants from Trinidad and Hawaii we observed
symptoms as an abnormal production of trichomes on the leaf surface 2 wk after the
inoculation. Gall development was limited, stopping progress after 4 wk. (Table 3.4, Fig.
3.4 A-C). In this test, more than one gall was observed per symptomatic leaf in Hawaiian
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plants, and deformations and tissue overgrowth were observed in plants from Trinidad.
None of the plants developed typical galls (Fig. 3.4 A-C). We did not recover living
nematodes from the plant material or the substrate 60 days after the inoculation. A few
deformed, dead nematodes were recovered from one of the Hawaiian plants. In the
second test performed using D. gallaeformans from Trinidad, isolated from two different
hosts, none of the inoculated plants (from Trinidad, Hawaii, Costa Rica, Dominica,
Puerto Rico and Singapore) developed symptoms within 60 days after inoculation. The
plants and inoculum were treated the same way as the previous test.
After 60 days, no symptoms were observed on any M. crenata and Miconia sp.
plants collected from the field, placed in pots and kept in a greenhouse in Trinidad. The
plants were inoculated with 5000 D. gallaeformans isolated from Miconia spp. plants
collected in the same area.

FIELD EXPERIMENTS
After 90 days of inoculation, none of the 20 Miconia spp. in two locations in the field
developed gall symptoms. The plants were inoculated with 7000 D. gallaeformans
isolated from symptomatic plants collected from the same area.
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DISCUSSION
Despite heavy galling found throughout the native range of M. crenata, galls
either did not develop after inoculation in the field or greenhouse or started to develop
and then halted their progression. In addition, we had inconsistent results with different
genotypes of plants (i.e. small galls developed on Hawaiian plant genotypes in some
experiments but galls did not develop in others). The lack of pathogenicity under
controlled conditions as well in the field coupled with results of other studies referenced
below leads us to the conclusion that D. gallaeformans will be intractable as a biological
control agent.
We started off testing the efficacy of 3 methods to inoculate D. gallaeformans on
Miconia spp.: cotton ball, attached gall and soil substrate. The only method that resulted
in symptoms was the cotton ball. This inoculation method was used previously by Santin
(2008) and it was successful, resulting in gall symptoms on Miconia spp. leaves. This
method likely kept the humidity high enough and permitted the nematodes to migrate
from the inoculation site to the leaf primordia, where they may find protection against
desiccation in the trichomes.
We tested many possible combinations to rule out host-genotype specificity as a
reason for lack of infection. When M. crenata plants from Hawaii were inoculated with
nematodes from Costa Rica, small gall symptoms were observed in all the plants.
Interestingly, plants from Costa Rica inoculated with the same inoculum did not get
infected. The coevolution of host and parasite in their native environment in Costa Rica,
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and that the Hawaiian plant genotype was never exposed to this nematode population,
might explain this result. The reasons why the symptoms started but did not progress are
still unknown. When nematodes from Trinidad were inoculated on plants from Trinidad
and Hawaii, minor symptoms were observed in all the inoculated plants. However, the
symptoms were different between the two genotypes. On the Hawaiian plants, typical
galls were observed on the leaf surface, and in many cases more than one gall developed
per leaf. In contrast, no typical galls were observed on the plants from Trinidad; instead,
an overproduction of trichomes and abnormal leaf tissue growth were observed on the
infection site. Dietrich (2006) reported similar abnormal leaf tissue growth on Miconia
spp. infected with D. gallaeformans in Costa Rica. Although the symptoms induced by
D. gallaeformans from Trinidad on M. crenata seemed to be more severe than the
symptoms induced by nematodes from Costa Rica, gall progress still stopped, and the
damage caused to the host was not enough to interfere with overall plant development
and growth. In the greenhouse experiment performed in Trinidad, no infection was
observed, even though the plants and soil were collected from areas where galled
Melastomataceae plants were present. The low rate of infection and the lack of gall
development indicate that D. gallaeformans is not virulent to M. crenata in controlled
conditions.
The inoculation of D. gallaeformans under controlled conditions was also
conducted by groups in Brazil and Costa Rica, where similarly inconsistent results were
observed. Santin (2008) carried out a host specificity test under greenhouse conditions in
Brazil to investigate the host range of D. gallaeformans. They reported that M. crenata
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plants did not develop symptoms after being inoculated with 3000 nematodes. During the
same test, severe gall symptoms were observed on other Miconia spp. plants, and M.
ibaguensis, M. prasina and M. calvescens presented the most heavily galled leaves. In
Costa Rica, Dietrich (2006) performed a greenhouse experiment where M. calvescens
were inoculated with D. gallaeformans from different hosts and different concentrations.
Different from the results observed by Santin (2008), only minor symptoms were
observed, mainly on edges and veins of young leaves and in some cases on the plant
stem. These results agree with ours, confirming that D. gallaeformans when artificially
inoculated on M. crenata is not pathogenic, and that symptom development is not
consistent.
Further evidence of the unsuitability of D. gallaeformans as a biological control
agent is that it did not infect when inoculated on plants in the field in Trinidad. Similar
results to ours were observed in field inoculations performed in Viçosa, Brazil, where
healthy Miconia spp. plants surrounded by symptomatic plants were artificially
inoculated with D. gallaeformans isolated from the same area. No gall development was
observed (R. Barreto, L. M. Guimaraes, Universidade Federal de Viçosa, pers. comm.). It
may have been too dry the year in which the inoculations were performed. Regardless, an
effective biological control agent must be viable and able to be reproduce under a
reasonable range of weather conditions. Also in the field, Santin (2008) used a different
inoculation approach and planted healthy M. calvescens seedlings from Hawaii under
symptomatic Miconia spp. naturally infected with D. gallaeformans in Brazil. The
infection was successful, and all the plants developed symptoms. Following the same
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approach, Dietrich (2006) inoculated M. calvescens with D. gallaeformans in the field in
Costa Rica, and also planted healthy M. calvescens seedlings from Costa Rica and
Hawaii under naturally infected plants. Different from the results obtained in Brazil, no
signs of infection were observed in any of the plants using either method. These results
were similar with the ones we obtained inoculating M. crenata in the field in Trinidad
and also with the negative result we had when using the gall attached inoculation method.
A good biological control agent should reliable, i.e. consistent in causing infection, which
appears not to be the case with D. gallaeformans.
Our results with Ditylenchus gallaeformans are consistent with other studies of
the suitability of nematodes species of the family Anguinidae as biological control agents
of invasive plants. The stem and leaf galling nematode, Subanguina picridis, was
considered as a biological control agent against the Russian Knapweed (Acroptilon
repens L.) in USA and Canada, but after released in the field limited success was
reported (Watson, 1986; Krall, 1991, Rosenthal et al., 1993; Jacob and Denny, 2006).
The leaf-galling nematode Ditylenchus phyllobius was considered a potential biological
control agent against Solanum elaeagnifolium in Australia, but its host range was not
specific enough for safe release in the field (Field et al., 2009). Another species of
Ditylenchus, D. depranocercus, was reported causing angular leaf spot on Miconia
calvescens in Brazil, but the disease incidence was reported to be low and the nematode
failed to infect M. calvescens plants grown from seed collected in Hawaii (Seixas et al.,
2006). Several nematode species in the Anguinidae family are capable of inducing severe
gall symptoms on invasive weeds, but the species of this study did not perform well as a
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biological control agent. D. gallaeformans was not adaptable, highly virulent, or easy to
rear.
From our studies and those of others, it is clear that the culture of this nematode is
challenging and that successful infection is rarely achieved with artificial inoculations.
The high host specificity of D. gallaeformans to Melastomataceae and the severe
symptoms observed on plants infected with this nematode in the field (e.g. DeWalt et al.
2004) were the main reasons to consider this species a feasible biological control agent.
Enough combinations were tested to exclude host genotype specificity as a determinant
of virulence and pathogenicity. If host-specificity was required, the Trinidad nematode
should have infected plants from Trinidad, and nematodes from Costa Rica should have
infected plants from Costa Rica. We experimented with various common greenhouse
conditions, and D. gallaeformans failed to establish on plants or cause heavy galling,
which demonstrates that this nematode species is not viable as a biocontrol agent against
M. crenata. Certainly, more information is needed on the basic biology of the nematode
in its native range – how does it disperse, what conditions lead to heavy galling, what is
the feeding behavior, and what conditions are needed for nematode reproduction.
Nonetheless, the low rate of infection obtained with artificial inoculation leads to the
conclusion this nematode species is unlikely to be a successful biological control agent
against M. crenata or other invasive Melastomataceae.
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TABLES
Table 3.1 - Ditylenchus gallaeformans isolates collected from Miconia species in
different locations of Costa Rica and Trinidad.
Genbank accession numbers*
Country

Hosts
M. crenata

Costa
Rica

Number of
Isolates
5

Location

ITS

COI

Rio Blanco

MN626644

MT304887

M. crenata

2

Laguna Hule

MN626645

MT304883

M. crenata
M.
dependens
M.
dependens
M. dentata

1

Alto Vereh

MN626646

MT304872

2

Tuis

MN626647

1

Rio Blanco

MN626648

2

Rio Blanco

MN626649

MT304884

M. dentata

1

Laguna Hule

MN626650

MT304871

M. dentata

1

Tuis

MN626651

MT304875

M. dentata

1

UCR Station

MN626652

MT304880

M. lacera

4

Laguna Hule

MN626653

MT304874

M. crenata

7

Arena

MN626654

MT304921

M. crenata

2

Morne Bleu

MN626655

MT304928

M. crenata

2

Blanchisseuse

MN626656

MT304926

8

Arena

MN626657

MT304924

MT304888
MT304882

Trinidad M. dentata
M.
macropetala
Miconia sp.1

8

Morne Bleu

MN626658

22

Blanchisseuse

MN626659

MT304897

Miconia sp.2

5

Arena

MN626660

MT304917

Miconia sp.3

5

Arena

MN626661

MT304916

Miconia sp.4
5
Arena
*Representative sequence per population

MN626662

MT304919
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MT304929

Table 3.2 - Expression of symptoms with three inoculation methods of Ditylenchus
gallaeformans on Miconia crenata plants from Costa Rica under shade and full sun.
Inoculation methods
Cotton ball
Attached gall
Soil substrate

Symptoms*
Sun

+

Shade

+ /-

Sun

-

Shade

-

Sun

-

Shade

-

* + = Presence of symptoms, - = Absence of symptoms, +/- = Inconsistent

68

Table 3.3 - Expression of symptoms on 12-mo-old Miconia crenata plants collected
from Costa Rica and Hawaii, inoculated with 3000 individual/plant of Ditylenchus
gallaeformans isolated from different sources (Miconia species) in Costa Rica.
Nematode source
M. dentata

M. dependens

M. crenata

M. lacera

M. crenata Costa Rica

-

-

-

-

M. crenata Hawaii

+

+

+

+

Plant source

*+ = Presence of symptoms, - = Absence of symptoms
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Table 3.4 - Expression of symptoms on Miconia crenata plants collected from Trinidad
and Hawaii and inoculated with 4000 individuals/plant of Ditylenchus gallaeformans
isolated from seven different sources (Miconia species) in Trinidad.

Nematode source
Plant
Source

M.
M.
crenata dentata

M.
Miconia
macropetala sp1

Miconia
sp2

Miconia
sp3

Miconia
sp4

M.
crenata
Trinidad

+

+

+

+

+

+

+

M.
crenata
Hawaii

+

+

+

+

+

+

+

*+ = Presence of symptoms, - = Absence of symptoms
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FIGURES

Fig. 3.1 - Cotton ball inoculation procedure: A- Miconia crenata plants were sprayed
with tap water, B- a cotton ball was placed on the leaf primordia, C – E – The inoculum,
containing 1500 Ditylenchus gallaeformans/ml was homogenized, and two ml were
deposited on the cotton ball, F- The leaves were folded to hold the cotton ball and be in
contact with the inoculum, G- small plastic bags were sprayed with tap water to increase
the moist in the inoculation site, H – the bag was placed on the inoculated leaves and left
on for 48 h.
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Fig. 3.2 - Miconia sp. (A) and M. crenata (B) plants in Arena Forest, Trinidad, inoculated
with 7000 individuals/plant of Ditylenchus gallaeformans isolated from Miconia sp. in
the same field location.

Fig. 3.3 - Gall progression on a Hawaiian Miconia crenata leaf inoculated with 3000
Ditylenchus gallaeformans from Costa Rica and grown in a greenhouse in Clemson, SC.
First symptom sign was observed 60d after inoculation. The gall did not progress after 60
more days, and no nematode was recovered.
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Fig. 3.4 - Symptoms observed on Miconia crenata plants inoculated with 4000
individuals/plant of Ditylenchus gallaeformans from Trinidad 60 d after the inoculation.
A and B – Hawaiian M. crenata genotype showing galls on the leaves. C – M. crenata
from Trinidad showing deformation and tissue overgrowth.
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Chapter 4
Leaf galls induced by Ditylenchus gallaeformans support greater bacterial
diversity and different species composition than healthy leaves in
Miconia spp.

INTRODUCTION
A vast diversity of microbes inhabits plant leaf surfaces. Bacteria comprise the
most abundant group within the leaf microbiome, inhabiting both the surface (epiphyte)
as well as the interior (endophyte) of leaves (Beattie and Lindow, 1999, Lindow and
Brandl, 2003, Vorholt, 2012). Bacterial communities associated with plant leaves can be
beneficial, pathogenic, or antagonistic for host plants (Lindow and Brandl, 2003,
Newman and Reynolds, 2005), but in most cases, the microbiome contributes positively
to plant growth, development, and pathogen suppression (Parasuraman et al., 2019,
Newman and Reynolds, 2005, Ryan et al., 2008).
The most common bacteria in leaves belong to the Proteobacteria phylum,
particularly the classes Alphaproteobacteria and Gammaproteobacteria, found in leaves
across different plant species and geographical locations (Lambais et al., 2006; Whipps et
al., 2008). The phyla Bacteroidetes, Actinobacteria, and Firmicutes are the next most
common (Whipps et al., 2008; Delmotte et al., 2009; Redford et al., 2010; Bodenhausen
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et al., 2013; Bulgarelli et al., 2012; Ding and Melcher, 2016). Plant pathogenic bacteria
are present in the phyla: Proteobacteria, Actinobacteria, and Firmicutes (Bull et al.,
2014); of those a small number are able to cause gall symptoms on their hosts, some
examples are Rhizobium radiobacter (formerly Agrobacterium tumefaciens),
Xanthomonas citri, Pseudomonas savastanoi, Rhodococcus fascians (Harris and
Pitzschke, 2020)
The microbial community structure of plant leaves is determined by numerous
factors. Environmental conditions, geographical location, season, plant host species, plant
genotype, and plant stage of development have been shown to be important aspects
shaping the leaf microbiome (Opelt et al., 2007, Rastogi et al., 2012, Ding and Melcher,
2016, Laforest-Lapointe et al., 2016, Dastogeer et al., 2020, Noble et al., 2020). Of these
factors, plant host species appears to have the greatest influence on the bacterial
community of leaves, specifically due to differences in leaf properties among species
(Opelt et al., 2007, Hunter et al., 2010, Redford et al., 2010, Rastogi et al., 2012, Ding
and Melcher, 2016, Noble et al., 2020). The leaf structure, morphology, age, physiology,
chemical composition, and nutrient availability to the bacteria appear to have the greatest
influence on microbiome composition (Yang et al., 2001, Lindow and Brandl, 2003,
Redford et al., 2010, Masson et al., 2020, Chaudhry et al., 2021). A dramatic change in
leaf morphology and physiology occurs with the formation of galls (Ferreira et al., 2019).
However, we know little about the microbial species associated with galls on leaves.
The plant parasitic nematode Ditylenchus gallaeformans (Tylenchida:
Anguinidae) induces severe galls on foliage, inflorescences, and stems of many
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Melastomataceae species. Its host range includes two of the most important invasive
weeds of Pacific Island forests, Miconia calvescens and M. crenata (formerly Clidemia
hirta; Dietrich, 2006; Santin, 2008; (Oliveira et al., 2013, Morales-Montero et al., 2013).
Different from most gall-inducing nematodes that are sedentary endoparasites, D.
gallaeformans is a migratory ectoparasite, which means that this species does not
penetrate the plant host tissues to feed and induce galls. Throughout its life cycle, the
nematode remains on the tissue surface using its stylet to extract nutrients from the plant
and can migrate at any point to start a new feeding site. Ditylenchus gallaeformans
manipulates its host plant tissues, causing morphological and physiological modifications
on the leaf, which results in the gall structure (Ferreira et al., 2017, Santin, 2018). The
gall likely serves as a shelter against biotic and abiotic factors and is the feeding site.
Galls induced by D. gallaeformans have indeterminate growth due to the promeristematic
activity of their nutritive cells (Ferreira et al., 2017, Ferreira et al., 2019, Arriola and
Isaias, 2021). The modifications on the leaf surface cause by galls may affect the
bacterial community.
In the present study, we asked whether the diversity and species composition of
the bacterial microbiome differed between healthy and galled leaves of Miconia species.
If the microbiome associated with galls induced by D. gallaeformans is more affected by
gall structure than differences in host species characteristics, we would expect to find
more similar bacterial composition on galled leaves on different plants than galled and
healthy leaves on the same plant or same species. However, if microbial communities on
leaves are drawn randomly from the local species pool, we would find more similar
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bacterial communities between healthy and galled leaves on the same plant than between
galled leaves on different plants and host species. This study adds to our understanding of
the factors that determine leaf bacterial communities.

MATERIAL AND METHODS
PLANT SAMPLING AND DNA EXTRACTION
Samples of healthy and galled Melastomataceae leaves were collected in two
locations approximately 9 km apart along roadsides and in openings of the Arena Forest
on the island of Trinidad in the Caribbean. From each location, we collected two healthy
and two galled leaves from each of four individuals of three plant species. One plant
species was only found in one location. Overall, we collected a total of 96 samples.
Samples were kept individually in sterile plastic bags on ice, transported to Clemson
University (USA) overnight, and processed 5 days after the collection. The samples were
weighed and ground individually with 5 ml of liquid nitrogen in a sterile mortar. The total
DNA was extracted from 0.25 g of grounded plant tissue using the DNeasy PowerSoil kit
(Qiagen, Hilden, Germany) according to the manufacturer's protocol.

PCR AMPLIFICATION AND DNA SEQUENCING
To test for successful DNA extraction, PCR was performed for all the 96 samples
using the 16S rRNA gene primers 1369F_16S and 1492R_16S (Suzuki et al., 2000) at the
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following conditions: 95°C for 2 minutes; 35 cycles of 95°C for 15 seconds, 55°C for 30
seconds, and 72°C for 30 seconds; and a final extension of 72°C for 5 minutes. Each PCR
was performed in 20 µl final volume reaction, adding 8 µl PCR-grade water, 10 µl of
ReadyMix Taq PCR Mix with MgCl2 (Sigma, St. Louis, MO) (20 mmol/L Tris–HCl pH
8.3, 100 mmol/L KCl, 3 mmol/L MgCl2, 0.002% gelatin, 0.4 mmol/L dNTP mixture
(dATP, dCTP, dGTP, and dTTP), and 0.06 units of Taq DNA polymerase/mL), 0.5µl of
each primer (20 mmol/L), and 1µl of DNA template (diluted 10x). The amplified
products were loaded onto a 1.5% agarose gel and visualized using GelRed (Biotium, San
Francisco, California, USA). All the samples produced the 110 bp size band as expected.
After PCR, DNA from each sample was diluted to 1ng/µL with nuclease-free
water and amplified with previously developed dual indexes (Kozich et al., 2013).
Amplicons were normalized with the SequalPrep™ Normalization Plate Kit, 96-well
(Invitrogen, Carlsbad, CA, USA), quantified with the Qubit™ dsDNA HS assay (Life
Technologies, Austin, TX, USA), and pooled for sequencing. Library preparation for 16S
rDNA sequencing was performed according to Schloss’ library generation, QC,
sequencing, and data quality analysis procedures
(https://www.mothur.org/w/images/0/0c/Wet-lab_MiSeq_SOP.pdf), and sequenced at
Clemson University on Illumina’s MiSeq V2 2x250 bp platform (San Diego, CA, USA).
The sequencing was successful for 91 samples, 5 samples were removed from the study
due to low sequence quality.
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DATA PROCESSING
The raw sequences were processed using QIIME2 (Bolyen et al., 2019). The
sequences were demultiplexed, paired-end reads were joined, and quality score filtering
was applied using the q2‐demux plugin. Deblur was used to remove noise, chimeric,
singletons and replicate sequences (Amir et al., 2017). Samples were clustered, producing
all the amplicon sequence variants (ASVs) observed in the dataset, and taxonomic
assignment was performed by comparing the sequences to the Silva reference database
(Quast et al., 2012). The generated feature table was filtered to remove mitochondria,
chloroplast and Eukaryota DNA. The sequences of interest were aligned in the MAFFT
(Multiple Alignment using Fast Fourier Transform) plugin (Katoh et al., 2002),
ambiguously aligned regions were removed using MASK (Lane, 1991), and phylogenies
were constructed and rooted using the Phylogeny Fasttree plugin (Price et al., 2010).

DIVERSITY ANALYSES AND STATISTICS
For each sample, we calculated species richness, diversity indices (exponential of
the Shannon index, inverse of Simpson index, Fisher’s α), evenness indices (Shannon and
Simpson), and Faith’s PD metric of phylogenetic diversity using the 'vegan' package in R
(Jari Oksanen et al., 2019; RStudio Version 1.2.5033). We compared these metrics of
diversity between leaf types (healthy and galled) and host plant species using ANOVA.
To compare species composition among leaf types and host species, we calculated
the Morisita-Horn abundance-based similarity index (SMH) among pairs of samples. This
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index is robust to insufficient and possibly uneven sampling (Chao et al., 2006, 2008), as
may occur with bacterial assemblages. A matrix of dissimilarities in species composition
(1 - SMH) was calculated for all pair-wise comparisons among samples using the 'horn'
distance matrix in the 'vegan' package (Chao et al., 2006, Beck et al., 2013). We also built
a dissimilarity matrix using the Bray-Curtis metric, found similar results, and therefore do
not report them here. Non-metric Multidimensional Scaling (NMDS) plots with three
dimensions were constructed in R to visualize the similarities in species composition
among samples. Permutational multivariate analysis of variance (PERMANOVA) was
performed using the 'adonis2' function to test whether the bacterial community
composition differed between healthy and galled leaves or among plant host species. We
identified the ASVs that explained the differences observed between healthy and galled
leaves using the Linear Discriminant Analysis Effect Size (LefSE) (Segata et al., 2011) in
the Galaxy web platform (Afgan et al., 2018).

RESULTS
SEQUENCING SUMMARY AND DIVERSITY ANALYSES
A total of 3,295,975 high quality bacterial 16S rRNA gene sequences were
obtained after demultiplexing, joining and filtering. The data processing performed in
QIIME2 resulted in a table composed of 910 ASVs from the total of 91 samples.
We found that α diversity of bacteria was higher in galled leaves when compared
to healthy leaves across the four plant species examined, using the four measures of
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diversity (Table 4.1 and 4.2; Fig. 4.1). No significant interaction between leaf type and
host species was observed in richness, diversity, or evenness. Only Faith’s PD
(phylogenetic diversity) and Simpson’s Evenness differed from the other diversity indices
with differences among species in healthy and galled leaves, and Faith’s PD scores were
not consistent different between healthy and galled leaves. Among the four
Melastomataceae species, Miconia sp1 tended to have the most diverse bacterial
microbiome.
We observed the same dominant phyla in healthy and galled Melastomataceae
leaves but the abundance differed substantially (Fig. 4.2). Bacterial species composition
differed between these groups, as well as among the four host plant species (Fig. 4.3).
Galled leaves had a similar composition of bacteria regardless of host species. These
results are visible in the (NMDS ordination plot and confirmed by PERMANOVA where
leaf type (F1,89 = 13.34, p = < 0.001) and plant host species (F3,87 = 7.28, p = <0.001) both
affected bacterial composition, but there was no interaction (F3,89 = 3.63, p = 0.174).

SPECIES INDICATOR ANALYSES
After confirming that the bacterial community composition was different between
healthy and galled Melastomataceae leaves, we aimed to identify the groups responsible
for the difference. A total of 40 indicator ASVs from 8 phyla were enriched in healthy
leaves, and 93 indicator ASVs from 10 phyla were enriched in galled leaves, according to
the LEfSe analysis. The majority of indicator species belongs to the Proteobacteria
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phylum. The class Alphaproteobacteria explains most differences in healthy leaves, while
Gammaproteobacteria and Deltaproteobacteria were more present in galled leaves (Figs.
4.4 and 4.5).

DISCUSSION
We compared the microbiome of healthy and galled Melastomataceae leaves
across four host plant species and found greater bacterial diversity on galled leaves, and
substantially different bacterial composition between leaf types and among plant species.
Galls induced by the plant parasitic nematode Ditylenchus gallaeformans were
responsible for changes to bacterial community structure in the leaf microbiome. To our
knowledge, this is the first study showing these types of changes induced by a plant
parasitic nematode in the leaf microbiome.
We found that the phyla Proteobacteria, Actinobacteria, and Planctomycetes were
the three most abundant phyla present on Melastomataceae leaves, including healthy and
galled leaves. Bacteroidetes and Acidobacteria were also commonly found phyla. This
result concurred with plant microbiome studies that report Proteobacteria, Bacteroidetes,
and Actinobacteria as the most abundant phyla on plant leaves (Delmotte et al., 2009,
Redford et al., 2010, Bodenhausen et al., 2013, Ding and Melcher, 2016, Wallace et al.,
2018).
Although healthy and galled leaves were mostly inhabited by the same dominant
bacteria phyla, we found higher diversity, species richness, and evenness of bacteria
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present in galled leaves. These results concur with other studies comparing the
microbiome of healthy and galled plant roots induced by plant parasitic nematodes. For
example, Masson et al. (2020) reported that rice root galls induced by Meloidogyne
graminicola had a higher bacterial diversity when compared to healthy rice roots. In
addition, Tian et al. (2015) found greater bacterial diversity on tomato roots infected with
M. incognita than on healthy roots. We do not know, however, whether the higher
diversity observed is related to greater numbers of pathogenic or beneficial symbiotic
bacteria.
The presence of galls also seems to modify the Melastomataceae leaf microbiome
community composition. Similarly, Masson et al. (2020) observed differences in bacterial
community composition between healthy rice roots and galled roots induced by M.
graminicola. The community in infected roots was more specific, appearing consistently
in galled but not healthy roots. Tian et al. (2015) observed that some bacterial groups
were enriched in tomato root galls induced by M. incognita, suggesting an association
with particular taxa and nematode pathogenesis. Differences in the composition of
bacteria communities between healthy and galled leaves could result from several
different factors.
We speculate that the differences in diversity and composition observed between
healthy and galled plant leaves in our study can be explained by the changes of the
ecological niche due to the morphological and physiological modifications induced by
the nematode. To complete its life cycle, D. gallaeformans modify the plant host
metabolism so the gall structure becomes a nutrient rich environment (Ferreira et al.,
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2017), which can be beneficial for a variety of bacteria. The microbiome of D.
gallaeformans has not been studied, and little is known about the microbiome of plant
parasitic nematodes, in general. Studies with other nematode species found that just a
small number of bacteria species are able to attach to the nematode’s cuticle, and the
same was observed for endosymbionts (Brown, 2018, Topalović et al., 2019). It is
unlikely that the microbiome of D. gallaeformans is responsible for the higher diversity
and differences in bacterial communities between healthy and galled Melastomataceae
leaves observed in this study. Instead, differences likely result from the modifications to
the leaves induced by the nematode.
We also observed differences in bacterial community composition and diversity
among the four Melastomataceae host species. This result was expected given that a
multitude of factors contribute to differences in the bacterial microbiome, including
geographical location, plant genotype and stage of development, and microclimate
(Leveau, 2006; Opelt et al., 2007, Knief et al., 2010, Hunter et al., 2010, Redford et al.,
2010, Rastogi et al., 2012, Ding and Melcher, 2016) Hunter et al. (2010) compared the
bacterial communities of different lettuce varieties and found that the microbiome varied
significantly among them. They concluded that the host leaf properties, such as
morphology, levels of calcium and carbohydrates, and phenolic compounds, affected the
bacterial community structure. Ding and Melcher (2016) compared the endophytic
microbiome of five non-cultivated plant species in Oklahoma, USA, collected from
different locations in different time points and found that the endophytic bacterial
communities were affected by temporal factors and host phenology, but no differences
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were observed in communities from different locations. Similarly, Redford et al. (2010)
found more variability in the bacterial community across 56 tree species in Colorado,
USA, than within species from samples collected in the same location. Interestingly, they
found that the bacterial communities present in Pinus ponderosa leaves were very similar
even across Australia and North America, suggesting that host species has a bigger effect
than geographical location shaping the leaf microbiome. It is clear that plant host species
plays an important role shaping the microbiome communities. Although we observed
differences among the Melastomataceae plant species, the higher diversity and different
composition in galled leaves was consistent across species.
Most of the indicator species for both healthy and galled Melastomataceae leaves
were nonpathogenic bacteria commonly found associated with plants, soil, and water.
The genus Burkholderia appeared as one of the most significant indicator species for
galled leaves. This genus is considered very versatile and includes free-living,
endosymbionts, nodulators, and plant pathogens (Mannaa et al., 2018). Burkholderia was
previously identified as the only endosymbiont bacteria in leaf nodules of Rubiaceae
species and was shown to be important for its host growth and development (Van
Oevelen et al., 2002, 2004). At this moment, we do not know the role of this bacterium in
Melastomataceae galls. Another genus that was identified as an indicator for galled
leaves in our study was Xanthomonas. This genus is well known as a plant pathogen in
other species and can cause several symptoms including wilt, rot, leaf spots, blight, and
canker (Timilsina et al., 2020). More studies are needed to investigate the importance of
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Xanthomonas in the gall symptoms of Melastomataceae leaves and its association with D.
gallaeformans.
In this study, we aimed to investigate the impact of galls induced by the plant
parasitic nematode D. gallaeformans on the bacterial communities of Miconia spp.
leaves. We clearly observed differences in bacterial diversity and composition between
galled and seemingly healthy leaves of four Melastomataceae species. We do not yet
know whether the bacteria have a role in infection and symptom development. To better
understand the factors shaping the microbiome of galls on Melastomataceae leaves,
future work should include comparisons of galls from different parts of the plant (i.e.
inflorescences and stems), other hosts species, and different geographical locations. If
similar bacterial communities are present in galls from different geographical location
and hosts, we would have further evidence that certain bacteria are gall-associated. In
addition, we need to investigate the function of gall associated bacteria to understand
their role in gall development and their relationship with Ditylenchus gallaeformans.
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TABLES AND FIGURES
Table 4.1 - Diversity indices scores (mean ± SD) of healthy and galled leaves of M.
crenata, Miconia sp1, Miconia sp2, and Miconia sp3.
Diversity
Indices
Richness
Exp.
Shannon
Inv.
Simpson
Fisher’s
α
Faith’s
PD
Shannon'
s
Evenness
Simpson’
s
Evenness

M. crenata
Healthy
Galled
190±67
208±78
37±17
45±18

Plant host spp.
Miconia sp1
Miconia sp2
Healthy
Galled
Healthy
Galled
208±47
258±96
151±52
131±44
41±12
59±29
29±13
37±9

Miconia sp3
Healthy
Galled
194±83
186±96
42±19
43±21

19±7

24±8

20±7

30±13

16±6

23±6

23±12

25±11

26±10

27±11

29±7

35±14

20±7

16±6

27±11

23±14

13±4

13±5

14±2

17±6

10±3

8±2

22±11

12±6

0.68±0.0
4

0.70±0.0
4
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Table 4.2 - Results of the analysis of variance (ANOVA) of diversity indices scores on
leaf type (healthy vs. galled), plant host species, and the interaction of those factors. df
for leaf type = 1, df for plant spp. = 3.
Diversity Indices
Richness
Exp. Shannon
Inv. Simpson
Fisher’s
Faith’s PD
Shannon's
Evenness
Simpson’s
Evenness

0.6
0.01*
0.00*
0.9
0.21
0.00**

p-value
Plant
spp.
0.00*
0.01*
0.11
0.00*
0.00*
0.74

Leaf type x
Plant spp.
0.38
0.60
0.65
0.37
0.01*
0.04

0.00**

0.00**

0.00**

Leaf
type
0.26
5.88
11.72
0.00
1.59
18.67

F Ratio
Plant
spp.
7.19
3.49
2.00
8.11
6.15
0.4

Leaf type x
Plant spp.
1.02
0.61
0.53
1.06
4.02
2.85

Leaf type

19.13

4.41

4.51

*p < 0.05 **p < 0.01
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Figure 4.1 - Alpha diversity measured with the exponential of Shannon diversity index.
A) Bacterial community on galled and healthy Miconia spp. leaves. B) Bacterial
community among different plant host spp. Groups with different letters are significantly
different at α= 0.05.
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Figure 4.2 - Relative abundance of bacteria phyla that compose the microbiome of
healthy (blue) and galled (orange) Miconia spp. leaves. * As the Proteobacteria Phylum
was the most represented it was divided in classes.
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Figure 4.3 - Non-metric Multidimensional Scaling (NMDS) ordination plot showing the
bacterial composition similarity between healthy (green) and galled (red)
Melastomataceae leaves from different host species based on the Morisita-Horn similarity
distance matrix. The orange dashed line encloses the bacterial composition of each galled
sample, and the blue dashed line encloses the bacterial composition of each healthy
sample. Stress = 0.047 for the 3D solution.
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Figure 4.4 - Cladogram showing the discriminative taxa in healthy and galled Miconia
spp. leaves at the order level. Significantly discriminant taxon nodes are colored in red
and green, and branch areas are shaded according to the highest-ranked variety for that
taxon. For each taxon detected, the corresponding node in the taxonomic cladogram is
colored according to the highest-ranked group for that taxon. If the taxon does not show
significantly differential representation between sample groups, the corresponding node
is colored yellow.
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Chapter 5
CONCLUSIONS AND FUTURE DIRECTIONS

CONCLUSIONS
The overarching goal of this dissertation was to determine if the nematode species
Ditylenchus gallaeformans would be a feasible and effective biological control agent
against the invasive plant Miconia crenata (Melastomataceae). This investigation was
spurred by the fact that none of the biological control agents released in Hawaii to control
the spread and abundance of M. crenata have been effective, particularly in the shaded
forest understory where the impact on native flora is of concern. Ditylenchus
gallaeformans has been considered a potential biological control agent due to its host
specificity and the amount of damage it causes on its host in forest understory (Chapter
1). I explored aspects of its biology, genetics, and host specificity to predict the success
of D. gallaeformans.
Little is known about the genetic diversity and population genetic structure of
plant-parasitic nematodes. I found strong genetic structure among D. gallaeformans
populations from different geographical locations, but no host specialization was
observed. The genetic differences among populations may have implications on the
pathogenicity and virulence of the nematode. For this reason, to use D. gallaeformans as
a biological control agent, we must pick the geographical location in its native range
carefully, but we wouldn’t need to worry about the plant host species.
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Knowing about the genetic variability among D. gallaeformans populations, I
expected to find different levels of pathogenicity and virulence in nematodes from
distinct geographical locations. Unfortunately, despite the severe gall symptoms observed
in M. crenata in the field, symptoms were not observed or did not progress after artificial
inoculation. I tested many combinations to rule out host-genotype specificity as a reason
for lack of infection, as well as different inoculation techniques and nematode inoculum
levels. The reason why the infection was not successful is unknown. More information is
needed about the nematode and host relationship and factors influencing infection and
symptom development.
After many failed attempts of inducing infection on M. crenata with D.
gallaeformans and knowing that a few bacteria species can cause galls on plants, I
decided to investigate the microbiome of the galls and compare it to the microbiome of
healthy leaves. The diversity of bacterial species was higher in galled leaves than in
healthy leaves according to several measures of diversity and evenness, and the
community composition was also different between them. I also found different bacterial
diversity and composition among Miconia species. However, the role of bacteria in gall
development and their relationship with D. gallaeformans is still unclear. The genera
Burkholderia and Xanthomonas were identified as indicator species for the galled leaves.
These genera comprise bacterial species that were found associated with plant galls in
different plant species, but we still don’t know their importance for the galls on Miconia.
In answer to the overarching question of this dissertation, it seems that
Ditylenchus gallaeformans would be an unsuitable biological control agent against
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Miconia crenata and other invasive Miconia species such as M. calvescens. The difficulty
in rearing and the low rate of infection obtained with artificial inoculation leads to the
conclusion that this nematode is not a feasible biological control agent. We need more
information about what leads to substantial galling in the field.

FUTURE DIRECTIONS
Despite the fact that Ditylenchus gallaeformans is unlikely to be an efficient
biological control agent against Miconia spp., this nematode species has unique
characteristics, which makes it very interesting to study. This nematode is the only
Ditylenchus species with an ectoparasite lifestyle and the one that causes the most severe
galls on leaves. The nematodes species known for the severity of induced galls belong to
different genera (Meloidogyne, Heterodera, and Globodera), attack the plant root system,
and have a sedentary endoparasitic lifestyle. Many aspects of D. gallaeformans biology,
genetics, and relationship with the host are still unclear.
I would like to conduct a complete phylogeography study covering most of the
nematode’s native range and using a variety of genetic markers to better understand the
genetic structure and haplotypes present in this species. The genus Ditylenchus has been
shown to be paraphyletic; a complete phylogenetic study including all the described
species would be very helpful to understand their relationships and to confirm that they
are classified correctly. Another aspect that needs to be better understood is how infection
occurs and what is required for successful symptom development. As artificial
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inoculation in a greenhouse and field failed to occur, more observations need to be
conducted where the infection and symptoms happen naturally. It would be interesting to
compare the different environmental conditions within the native range, investigate when
the plant host is more susceptible to infection, and determine if additional factors are
need for disease, such as a vector or a symbiont. Now we know that the galls induced by
D. gallaeformans change the microbial communities of Miconia leaves, but the
functional roles of the bacteria are still to be investigated. Clearly, there are still many
interesting questions about D. gallaeformans and the galls they induce to be addressed.
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